Transfer of agrochemicals from the soil surface to overland fl ow is a key process governing pollutant transport from soil to surface waters. Simulation models are eff ective tools for predicting pollutant loads from overland fl ow to surface water. In this study, we reviewed and summarized experimental observations to assess the factors that aff ect this transfer process, including: rainfall, topography, soil hydraulic properties, initial water and solute conditions, and management practices. Th eoretical frameworks and models for describing the transfer process were also reviewed. Th e existing models were classifi ed into four categories based on their principles: mixing-layer models, interfacial diff usion-controlled models, interfacial-diff usion and rainfall-dispersion models, and empirical models. Th e assumptions, parameters, applications, limitations or potential issues, and further improvements for each category of the models were discussed. It is recommended that new experimental methods be developed and current theoretical frameworks be further refi ned by considering the eff ects of other environmental factors and transport mechanisms on solute transfer from the soil surface to overland fl ow so that the models can be applied to a wider range of practical fi eld conditions. Abbreviations: EDI, eff ective depth of interaction; USLE, Universal Soil Loss Equation.
the relevant factors that aff ect the solute transfer is analyzed in fi eld experiments. Th ese factors include rainfall, topography, soil hydraulic properties, initial water and solute conditions, and agronomic management practices.
Th e impact of rainfall on solute transfer at the soil surface is refl ected in increased surface runoff and vertical mechanical actions to the soil surface (Fraser et al., 1999; Wang et al., 2002; Kleinman et al., 2006) . In addition to the increase in the runoff rate, greater rainfall intensity and rainfall energy also enhance splash erosion of the soil surface, thereby allowing more soil to become available and subsequently enter into overland fl ow. Th erefore, the transfer of solutes to overland fl ow increases with increasing rainfall intensity and rainfall energy.
Destruction of the soil structure by the mechanical action of raindrops reduces the infi ltration capacity and consequently further increases runoff . As the runoff rate increases, the accompanying increase in detachment and sediment-carrying capability can contribute to greater solute transfer from the soil surface to overland fl ow. Th e runoff rate increases with increasing rainfall intensity, which can either increase or decrease the solute concentration of the overland fl ow depending on the type of solutes. For example, Kleinman et al. (2006) found that dissolved reactive P and total P concentrations are positively correlated while NO 3 concentrations are negatively correlated to rainfall intensity.
Topographical factors, including slope gradient and slope length, directly aff ect the potential energy and the nature of overland fl ow. Experimental observations have shown that the mass of solute transported off site in overland fl ow will increase with increasing slope gradient and length (Snyder and Woolhiser, 1985; Ahuja, 1986) . As the slope gradient and length increase, the runoff volume increases, which may dilute the solute concentration, particularly if interfl ow from the subsurface contributes to the overland fl ow (Snyder and Woolhiser, 1985) , but the mass of solute transported off site still may increase due to the increase in runoff volume.
Soil hydraulic properties also aff ect solute transfer from the soil surface to overland fl ow. Soils with poor infi ltration reduce the downward solute movement from the upper soil layer. Th us more solute at the soil surface becomes available to be transferred to overland fl ow in slower infi ltration soils. Th at is, the total mass of dissolved chemicals removed in the overland fl ow is negatively correlated to the infi ltration rate (Snyder and Woolhiser, 1985) . Th e infi ltration rate is closely related to soil texture, where the amount of solute transfer to the overland fl ow in coarser textured soils is lower than that in fi ner textured soils (Ahuja and Lehman, 1983; Wallach and Shabtai, 1993; Hubbard et al., 1989a,b) . Moreover, lower boundary conditions of variable permeability in the soil profi le also aff ect the solute concentration of overland fl ow. McDowell et al. (2003) observed that the solute concentration of overland fl ow was several times higher, and remained at a high level, in impermeable boxes compared with permeable boxes.
Soil antecedent conditions, including the initial water content and the solute concentration distribution in the soil, also aff ect solute transfer from the soil surface to overland fl ow. A higher initial degree of saturation requires less water to saturate the soil, which causes earlier ponding and commencement of runoff at the soil surface. Consequently, more solute can be transferred to overland fl ow at a higher initial saturation. Th e solute concentrations of both overland fl ow and the surface soil are higher at a higher antecedent moisture level (Wallach and Shabtai, 1992a; Srinivasan et al., 2007) . Likewise, the initial solute distribution in the soil in terms of concentration, location, and the types of chemicals can all infl uence solute transfer from the soil to overland fl ow. Th e solute concentration of the overland fl ow was observed to be positively correlated to that in the water of the surface soil (Frere et al., 1975 (Frere et al., , 1980 Donigian et al., 1977; Ahuja et al., 1981) . For a long-duration rainfall event, the solute concentration of the overland fl ow was much lower than that in the soil surface (Ingram and Woolhiser, 1980; Ahuja and Lehman, 1983; Snyder and Woolhiser, 1985) .
Th e solutes in the upper soil layer are the most important sources of pollutant load to the overland fl ow because they have the shortest travel distance from the soil to the overland fl ow, either by diff usion or by convection, and are subjected to raindrop ejection. Ahuja et al. (1981) studied the eff ect of soil depth on 32 P release to overland fl ow during a 30-min rainfall event. Th e amount of 32 P coming off during a given time interval was much smaller for deep (1.5-and 2.0-cm) placement than for shallow placement due to the increased distance of solute transport to the soil surface.
Agronomic management practices, including tillage, groundcover, deep application of fertilizers, soil amendments, and crop rotation, also aff ect the transfer process and load of solutes to overland fl ow by changing the hydraulic properties of the soil, the initial water and solute conditions, and surface fl ow processes. For example, crop residues can increase the infi ltration rate and reduce runoff , which reduces the transfer of solutes (Ahuja et al., 1981; Torbert et al., 1999) . Deep application of fertilizers has been proven to be an eff ective method of reducing the pollution risk of overland fl ow (Schnier et al., 1990; Kundu and Ladha, 1998; Mostaghimi et al., 1991) .
While most of the fi eld experimental studies have been conducted to develop agricultural best management practices to reduce pollutant loads to surface water, solute concentration data with high spatial and temporal resolution are needed to study the mechanisms of solute transfer at the soil surface as well as to validate simulation models. Due to complex physical and chemical processes and variable boundary conditions, researchers generally need to rely on more controllable laboratory-scale experiments in conjunction with modeling studies to understand the transfer process. For example, Snyder and Woolhiser (1985) developed an experimental apparatus with Ottawa sand in which the mixing process near the soil-water interface was visualized using a dye tracer. Soil solution samples were collected through sampling ports at selected locations using a microsyringe. Th eir method can reveal more detailed information about the solute concentration distribution in the topsoil profi le. Gao et al. (2004 Gao et al. ( , 2005 created a soil by mixing black sand and white clay in a ratio of 9:1 and then directly measured the exchange layer depth through observing the contrasting colors of the soil particles. Mulqueen et al. (2004) designed a laboratory agitator test to estimate the rate and potential of P release from the soil to overland fl ow.
In summary, laboratory and fi eld experiments are critical to understand the mechanisms of solute transfer at the soil surface and to develop agricultural best management practices to reduce pollutant load to surface waters; however, many experiments have been conducted to establish correlations between solute transfer to overland fl ow and individual environmental factors. A limited amount of process-level experimental work has been done on solute exchange under natural rainfall conditions. Th e current experimental methods are unable to obtain continuous observations in time and space that fully capture the dynamics of solute transfer at the soil surface due to the small spatial scale of the interface and the complex interactions among the many factors. New experimental methods are urgently needed to further understand the transfer mechanisms and to address raindrop impact on the change in surface microtopography. In particular, experimental data of high temporal and spatial resolution are needed for model development, refi nement, and validation.
MODELING SOLUTE TRANSFER FROM SOIL SURFACE TO OVERLAND FLOW
A great deal of effort has gone into developing theories and simulation models to predict solute transfer from the soil surface to overland flow. These models effectively integrate the processes and factors that affect water and solute transfer and provide a means of understanding the physical mechanisms that control the transfer, which might not be gained from experimental study. While other processes such as precipitation-dissolution and biogeochemical reactions can occur, the duration of the vertical mass transfer from the soil surface to overland flow is usually short. Thus, such processes are often neglected. For the physically based models, however, it is convenient to treat these processes as the sourcesink terms or incorporate their effects in the coefficient that describes the solute transfer rate from the soil surface to the overland flow.
Based on their respective assumptions, the current theories of solute transfer can generally be divided into four categories:
1. Mixing-layer models, which assume that there exists a very thin layer (the mixing layer) at the soil surface in which infi ltration water, runoff water, and soil water mix instantaneously. Th ese models vary according to diff erent treatments of the degree and the depth of mixing.
2. Interfacial diff usion-controlled models, which consider the interface of the soil surface and overland fl ow as a boundary. Th e transfer of solutes across the boundary is diff usion driven due to the concentration gradient between the soil surface and the overland fl ow.
3. Interfacial-diff usion and raindrop-dispersion models, which include the transport of sediment-bound chemicals and dissolved chemicals ejected into runoff by raindrops.
4. Empirical models, which attempt to simplify the mathematical description of the transfer process through the regression of experimental data. Th e empirical-model approaches are similar to the principle of the Universal Soil Loss Equation (USLE) Smith, 1965, 1978) .
A summary of the assumptions, parameters, limitations, and strengths and weaknesses of the representative models are listed in Table 1 .
Mixing-Layer Models
Th e mixing-layer theory has been widely accepted and used to predict solute transfer from the soil to overland fl ow. Th e earliest works generally assumed that there exists a region at the soil surface in which the surface water, soil water, and infi ltrating water mix completely and instantaneously and that there is no solute transfer into that region from the soil below (i.e., convection and diff usion are negligible) (Bruce et al., 1975; Frere et al., 1975; Donigian et al., 1977; Haith, 1980; Steenhuis and Walter, 1980) . Based on the mixing-layer theory, several models, including the Agricultural Chemical Transport Model (ACTMO, Frere et al., 1975) , Agricultural Runoff Management (ARM, Donigian et al., 1977) , and Chemicals, Runoff and Erosion from Agricultural Management Systems (CREAMS, Knisel, 1980) , were developed in the late 20th century to simulate agrochemical transfer from the soil to overland fl ow. Ahuja et al. (1981) , however, found through experimental observations that there is no such uniform and complete mixing layer as assumed in the aforementioned models. Using 32 P as a tracer, they observed that the degree of rainfall-soil interaction is at its maximum at the soil surface and decreases very rapidly with depth. Th us, they proposed the concept of the eff ective depth of interaction (EDI) within which the mixing of rainwater and soil water is instantaneous and complete. Th e model for a saturated permeable soil with negligible surface ponding is
where Th is simple model only applies to the condition of steady-state water fl ow without surface ponding. Th e model was later examined for the release of a nonreactive chemical, Br − , from the soil to overland fl ow in a box experiment (Ahuja, 1982; Ahuja and Lehman, 1983) . Th eir model predictions matched the experimental observations well under free-infi ltration conditions, but it was less successful under poor-drainage conditions, which agrees with the conclusion of Snyder and Woolhiser (1985) . In practice, the solute concentration in a thin zone of the soil surface is much higher than that in the overland fl ow near the end of rainfall events (Ingram and Woolhiser, 1980; Snyder and Woolhiser, 1985) . Based on this conclusion, Ahuja and Lehman (1983) proposed the incomplete mixing model, i.e., while the water that infi ltrates the soil mixes completely with the soil water in the mixing zone, the runoff water does not mix completely with the soil water. Th us their model assumes that the degree of mixing of overland fl ow with soil water within the EDI is λ and that of the water infi ltrating below the EDI is γ. Th e expression of the incomplete mixing-layer model is
where R [L T −1 ] is the constant runoff rate.
Th e incomplete mixing of rainfall water and soil water within the EDI can be attributed to two physical causes: (i) the hydraulic turbulence produced by raindrops, which decreases with depth; and (ii) the soil water inside soil aggregates, which does not mix instantaneously with rainwater (Ahuja and Lehman, 1983) . While this model improves prediction under certain experimental conditions (Ahuja, 1986) , it uses three parameters: EDI, λ, and γ, which adds uncertainties to the model simulation and makes practical application more diffi cult.
In addition, based on their observations, Ahuja and Lehman (1983) made another modifi cation based on the mixing-layer concept of Eq. [1] by assuming that the degree of mixing between rainfall and soil water, β, decreases exponentially with soil depth: β = exp(−bz), where b is a constant. Th is model is implemented in Eq.
[1] by replacing P with βP. Th e model also accounts for the eff ect of the infi ltration rate on the transfer process. Th is simplifi ed nonuniform model is not exact but describes the experimental data much better than the uniform mixing approach and seems adequate as an approximation for both zero and nonzero infi ltration conditions (Ahuja and Lehman, 1983; Heathman et al., 1985 Heathman et al., , 1986 .
Th e above discussion shows that the development of the mixing-layer models followed the path of complete mixing, eff ective mixing (the concept of EDI), incomplete mixing, and nonuniform mixing. Th is category of lumped models can simulate mass transfer from the soil surface to overland fl ow reasonably well for both dis- incomplete mixing-layer model (Ahuja and Lehman, 1983) there exists an EDI within which the degree of mixing for runoff water with soil water is λ and that of infi ltration water is γ EDI, λ, γ constant rainfall and infi ltration; solutes present at soil surface layer with uniform distribution simple formulation with relatively few parameters unable to obtain spatial distribution of the solutes no effective method to accurately determine the mixing-layer depth (ε or EDI) nonuniform mixing-layer model (Ahuja and Lehman, 1983) there exists an EDI; the degree of mixing between rainwater and soil water decreases exponentially with depth EDI, β saturated and permeable soil without surface ponding; constant rainfall and infi ltration; solutes present at soil surface layer with uniform distribution simple formulation with relatively few parameters unable to obtain spatial distribution of the solutes no effective method to accurately determine the mixing-layer depth (ε or EDI) distributed mixing-layer model (Havis, 1986; Havis et al., 1992) there exists a mixing layer within which soil water and part of the runoff water mix completely; solute fl ux from the soil surface to overland fl ow is by diffusion (Govindaraju, 1996) there exists a mixing layer within which soil water and part of runoff water mix completely; solute fl ux from the soil surface to overland fl ow is proportional to water distribution between overland fl ow and subsurface water solved and adsorbed chemicals. Th e diff erence between the two types of chemicals is refl ected in the empirical parameters of the models. While these mixing-layer models assume that the solute concentration in the overland fl ow is the same as that in the water of the surface soil, Havis (1986) and Havis et al. (1992) proposed a diff erent type of model (the distributed mixing-layer model) in which the soil water and part of the runoff water mix completely. Th e solute concentration of the overland fl ow is described separately from that in the mixing layer. A fi lm transport coeffi cient was introduced to describe the transfer rate of the solute between the soil surface and the overland fl ow. Th e respective mass balance equations for the overland fl ow and the mixing layer are:
Overland fl ow:
Mixing layer: Havis (1986) and Havis et al. (1992) usually requires sitespecifi c calibration and large experimental data for parameter fi tting † Only those key parameters related to solute transfer from the soil surface to the overland fl ow are listed: EDI, effective depth of interaction; λ, degree of mixing between runoff water and soil water; γ, degree of mixing between runoff water and infi ltration water; β, degree of mixing between rainwater and soil water; ε, mixing layer depth; K L , mass transfer coeffi cient that relates solute fl ux from the soil surface to overland fl ow; K 1 and K 2 , rate constants that are proportional to the infi ltration rate at the soil surface and the infi ltration rate from the mixing layer into the underlying soil, respectively; E r , coeffi cient of raindrop-induced water transfer rate; a, b, c, d, e, and m, empirical constants. ‡ C(t) and C(x,t), solute concentration of the overland fl ow; x, distance along the overland fl ow; C s (z,t), soil solution concentration; z, vertical space coordinate; C m (t), solute concentration in the mixing layer. Similarly, Govindaraju (1996) gave another formulation of the distributed mixing-layer model. Th is model assumes that the mixing layer distributes solute to both overland fl ow and subsurface fl ow and that the distribution rate is proportional to the infi ltration rate and the solute concentration gradient. Based on these assumptions, the mass balance expressions are:
Mixing layer:
where E [L 2 T −1 ] represents lateral dispersion due to raindrop impact and diff usion in the overland fl ow, C s [M L −3 ] is the soil solution concentration, and K 1 [L T −1 ] and K 2 [L T −1 ] are rate constants that are proportional to r 1 (x,t) (the infi ltration rate at the soil surface) and r 2 (x,t) (the infi ltration rate from the mixing layer into the underlying soil), respectively. Th ese constants may be diff erent when there is lateral subsurface fl ow along the slope direction.
Th e distinctive aspects of the Govindaraju (1996) model are that it accounts for the rainfall impact on horizontal solute dispersion as well as the solute exchange process between the mixing layer and the lower soil. It is not clear, however, how to experimentally obtain the model parameters E, K 1 , and K 2 . Th e coeffi cients of K 1 and K 2 in the model are assumed to be proportional to the infi ltration rate, which seems to lack a physical foundation. Moreover, the model contains four unknown parameters. It becomes more diffi cult to obtain reliable model parameters and predictions as the number of unknown parameters increases.
Th e key parameter in all the mixing-layer models is the mixing-layer depth (EDI or ε). Reliable estimation of the mixing-layer depth is critical for model application. In most research, this parameter was inversely estimated by fi tting the models to experimental data. Donigian et al. (1977) found that the mixing-layer depth ranged from 2 to 6 mm. In the CREAMS model, the amount of solutes released to overland fl ow is assumed to be from the upper 10 mm of the surface soil multiplied by an extraction coeffi cient, which varies from about 0.1 to 0.2 (Frere et al., 1980) . Snyder and Woolhiser (1985) reported that the eff ective mixing-layer depths under diff erent infi ltration conditions were mostly <10 mm, while the studies by Zhang et al. (1997 Zhang et al. ( , 1999 , based on their experience and experimental observations, confi ned the mixing layer to a depth of <4 mm. Ahuja et al. (1981) reported that the values of the mixing-layer depth ranged from 1 to 3.7 mm, depending on the depth of chemical placement, soil texture, and rainfall intervals. Using the mass balance approach, the mixing-layer depths estimated by Havis et al. (1992) ranged from 9 to 10 mm for a noninfi ltration case and from 5.2 to 7.3 mm for an infi ltration case in the laboratory, while they were from 4.7 to 10.2 mm for a fi eld experiment.
By analysis, the mixing-layer depth is more like a coeffi cient that refl ects the aggregate eff ect of the relevant factors that infl uence the transfer of solutes from the soil to overland fl ow. Research shows that the kinetic energy and intensity of the rainfall, the slope gradient and length, the initial distribution of the solutes, soil surface conditions, and soil properties such as texture, structure, mechanical strength, and permeability, as well as the time during a rainstorm or a series of rainstorms (Ahuja et al., 1981) can all infl uence the depth of the mixing layer. In the nonuniform mixing-layer model, the exponential function of the degree of mixing with depth was used to explain the experimental data (Ahuja and Lehman, 1983) . Havis et al. (1992) proposed an empirical linear equation for the mixing-layer depth with rainfall rate when conducting experiments outdoors. Th ere apparently exist a large discrepancy and uncertainty in the reported values of the mixing-layer depth.
Interfacial Diffusion-Controlled Models
In the interfacial diff usion-controlled models, a boundary layer is assumed to connect the soil surface and the overland fl ow. Solute transfer through the boundary layer is described as an interfacial diff usion-controlled process driven by the concentration gradient so that the concept of the mixing layer is not used. Th e eff ect of rainfall impact on solute movement is also not considered.
Based on a series of laboratory experiments, Parr et al. (1987) presented a diff usion-based model describing the release of solutes from the soil to overland fl ow under the condition of noninfi ltration. Th ey concluded that the entrainment of soil solution into overland fl ow can be described by a Fickian diff usion process aft er some initial anomalous period. Based on their experimental observations, Richardson and Parr (1988) specifi ed a time-dependent "entrainment coeffi cient" to account for non-Fickian decay during the period of convective transport preceding the eventual diff usive period. Th is coefficient decreases rapidly and asymptotically approaches the constant Fickian diff usion coeffi cient with time. Th is model does not include the temporal transport of dissolved chemicals in overland fl ow, a factor that greatly modifi es the solute concentration distribution at the fi eld outlet for short periods aft er the initiation of runoff (Wallach and Shabtai, 1992a) .
Th e theory of residence-time distribution was used to characterize the solute concentration in the overland fl ow under conditions of both noninfi ltration (Wallach et al., 1988) and infi ltration (Wallach and van Genuchten, 1990) . Th e mass transfer was expressed as the convolution integral of the realistic solute fl ux J 0 (t) [M L −2 T −1 ] and the output function from a pulse input f(t) (dimensionless). Th e solute concentration of the overland fl ow is described by [7] where C 0 [M L −3 ] is the initial solute concentration in the overland fl ow at the time that the fl ow becomes steady state and τ [T] is the mean residence time of the runoff , which is approximately equal to the ratio of the average surface water depth and the runoff rate. When the rainfall and infi ltration rates are constant in time and space, the residence-time distribution f(t) can be taken as ( )
Th e solute mass fl ux from the soil surface to overland fl ow, J 0 (t), may be obtained by
where D [L 2 T −1 ] is the hydrodynamic dispersion coeffi cient and z [L] is the vertical space coordinate. Because the residence-time distribution method describes the overland fl ow process as a convolution integral of the solute runoff , it can only be used to predict the concentration at a specifi c outlet. Instead of the residence-time distribution, the mass-conservation equation was used to represent the solute concentration of overland fl ow in later studies (Wallach and Shabtai, 1992a , 1992b Wallach et al., 2001; Rivlin and Wallach, 1995) . In this approach, solute transport in soil is described by the convection and dispersion processes, while solute movement from the soil surface to overland fl ow is described by a mass transfer coeffi cient, similar to the model of Havis et al. (1992) . Th e general equations are Overland fl ow:
Boundary condition:
in which R a (dimensionless) is the retardation factor for reactive chemicals (which is equal to 1 for nonreactive chemicals) and u [L T −1 ] is the average soil pore water velocity. Th e boundary conditions are given for three stages of infi ltration at the soil surface: infi ltration (i) before surface runoff generation (t < t p ), (ii) during surface runoff fl owing on the soil surface (t p ≤ t < T), and (iii) aft er the rainfall stops (t ≥ T). In this model, the mass transfer coeffi cient (K L ) is an important parameter. It is originally used in the boundary layer theory to defi ne mass transfer from a stagnant region into a fl owing, turbulent region (Kay and Nedderman, 1985; Wallach et al., 1989) . It is by defi nition equal to the ratio of the mass fl ux from the soil surface to overland fl ow and the solute concentration diff erence between the surface soil water and the overland fl ow. Th e extent of mass transfer from the soil to the overland fl ow depends critically on the nature of the fl ow within the runoff phase, i.e., laminar or turbulent fl ow, and on the raindrop impact.
For laminar overland fl ow, the stream lines are parallel straight lines and the coeffi cient can be calculated from the molecular diff usion model (Bennett and Myers, 1982) , in which the average mass transfer coeffi cient (K L ) for a plate of fi nite length (L [L] ) is calculated as
where D w [L 2 T −1 ] is the solute diff usivity in water and S c (dimensionless) represents the Schmidt number, which is defi ned as For turbulent overland fl ow, a fi lm theory for mass transfer, which is analogous to the boundary-layer theory for heat transfer, was introduced by Lewis and Whitman (1924) . Wallach et (1989) proposed a model for calculating the mass transfer coeffi cient that uses this fi lm theory. In their model, it is assumed that the overland fl ow can be divided into two regions: a laminar layer of thickness δ adjacent to the soil surface and a turbulent, perfectly mixed region above it. Within the stagnant boundary layer of thickness δ, which is assumed to be much smaller than the average total runoff height, mass transfer is assumed to occur only by molecular diff usion. Th us, a concentration drop occurs in this layer. Above the laminar layer, the turbulent region has a uniform concentration in the vertical direction. Wallach et al. (1989) used the knowledge of hydraulic mechanics and the parameters of channel fl ow to calculate the viscous fi lm thickness δ. By deduction, the mass transfer coeffi cient (K L ) for turbulent fl ow is calculated by
where g [L 2 T −1 ] is the gravitational acceleration and R c [L] is the hydraulic radius, which is approximately estimated by the depth of the overland fl ow (Wallach et al., 1989) . Equation [16] indicates that for a specifi c, dissolved chemical, the mass transfer coeffi cient increases with the soil surface roughness (f), the hydraulic gradient (J), and the hydraulic radius (R c ).
Th e partition of adsorption-desorption of chemicals is accomplished by means of the retardation factor (R a ), which is derived from
where C s and s are the solute concentrations of the liquid and solid phases of the soil, respectively. Solute distribution between the liquid and solid phases of the soil can be described by linear equilibrium:
nonlinear equilibrium:
or fi rst-order kinetics reactions:
where K d is the distribution coeffi cient and α is a fi rst-order kinetics rate coeffi cient. Th e use of equilibrium sorption isotherms is based on the assumption that the rate of sorption is much greater than the rate of change in the solute concentration in the soil water. For some chemicals, such as P and certain pesticides in the soil, it is more appropriate to use the kinetics model Eq.
[18c] to describe this process.
Th e model ) can be simplifi ed and solved analytically under special conditions. Wallach and van Genuchten (1990) solved their model analytically by assuming that the infi ltration rate and the soil water content remain constant during the infi ltration-runoff event; however, the errors in the overland-fl ow prediction caused by neglecting the relationship between the infi ltration rate and the overland-fl ow depth have been shown to be signifi cant (Wallach et al., 1997) . Rivlin and Wallach (1995) used the characteristics method to form an analytical solution by assuming that the values of the mass transfer coeffi cient, rainfall rate, infi ltration rate, and solute concentration in the surface soil are constants throughout a storm event. Although analytical solutions are appealing, they can only be applied to certain scenarios with simple initial and boundary conditions. It is still necessary to develop comprehensive numerical models that can solve practical problems and refl ect complex natural geologic and hydrologic conditions. Finite diff erence and fi nite element schemes are commonly used to numerically solve these models (Wallach, 1991; Zhang et al., 1997 Zhang et al., , 1999 .
Th e physically based interfacial diff usion-controlled models follow the temporal and spatial continuity of water and solute. Th is category of models can easily be expanded to solve more practical problems by combining with other function modules and initial and boundary conditions. For example, diff erent types of sorption-desorption interactions between chemicals and the soil solid phase were coupled in the models of Wallach et al. (1988) and Wallach and Shabtai (1992a,b) ; the infi ltration rate was considered to be a variable rather than a constant in the studies of Wallach and van Genuchten (1990) and Wallach et al. (1997) ; the depth of overland fl ow was treated as a function of the fl ow rate, slope, and horizontal distance in the studies of Wallach et al. (1988) and Wallach and Shabtai (1992a) , while in the study of Rivlin and Wallach (1995) , the overland-fl ow depth was calculated from its mass conservation equation.
Th e interfacial diff usion-controlled models for describing solute transfer from the soil surface to overland fl ow can also communicate with models for simulating water and solute transport in the soil and groundwater, crop growth, and soil erosion. Such models, however, do not explicitly refl ect the eff ect of raindrop detachment or mixing near the soil surface, although the raindrop impact at the surface has been shown to be an important factor. Th us, these models are more suitable for cases of long-duration rainfall events and for cases with surface ponding, in which the impact of raindrop ejection is insignifi cant and diff usion plays a more important role. At the beginning of a rainfall event or if the ponding depth is thin, however, the impact of rainfall energy on solute transfer cannot be neglected. Furthermore, the current approaches do not provide a satisfactory way to calculate the mass transfer coeffi cients in their models. Further investigation using fi eld and laboratory experimental observations is therefore required to resolve these issues.
Interfacial-Diffusion and Rainfall-Dispersion Models
In both the mixing-layer and interfacial diff usion-controlled models, the eff ect of raindrop dispersion on mass transfer from the soil surface to overland fl ow is not explicitly considered. Many studies (Ingram and Woolhiser, 1980; Ahuja, 1982; Havis, 1986; Edwards and Daniel, 1993; Kleinman et al., 2006) have found that rainfall is an important factor aff ecting mass transfer. When raindrops impact the soil, they eject soil water, sediments, and associated chemicals from the soil surface into the overland fl ow.
One category of models that considers the impact of rainfall dispersion on the interfacial solute transfer is the interfacialdiff usion and rainfall-dispersion models. Based on the mixinglayer theory, Gao et al. (2004) proposed a model that considers rainfall impact on mass transfer. Th e model assumes that the processes of raindrop impact and diff usion act in series (Gao et al., 2004) . Raindrop impact controls the transfer process in the mixing layer between the soil surface and overland fl ow, while diff usion controls the solute transfer between the underlying soil and the mixing layer. Diff usion between the mixing layer and the ponding water is neglected. Th e eff ect of raindrop dispersion is described by a coeffi cient of raindrop-induced water transfer rate, E r [L T −1 ]. Th e model for dissolved chemicals is (Gao et al., 2004) :
where λC [M L −3 ] is the solute concentration of the water entering the mixing layer (i.e., λ = 0 if only the solute-free rainwater enters the mixing layer and λ = 1 if only the runoff water enters the mixing layer; thus 0 ≤ λ ≤ 1) and E r represents the rate at which the soil water is ejected into the overland fl ow. E r is a parameter for soil erosion induced by raindrops, and it can be estimated by
where a [M L −3 ] is the soil detachability.
Th e model was solved numerically using a fi nite diff erence scheme under the conditions of noninfi ltration, constant rainfall rates, and a constant mixing-layer depth. It underpredicted the observed early solute concentration in overland fl ow and slightly overpredicted the concentration during the late runoff stage (Gao et al., 2004) . Walter et al. (2007) tested the model of Gao et al. (2004) against their experimental data obtained under both infi ltration and noninfi ltration conditions for three soil types. Th eir results also indicated that the model slightly underpredicted the near-surface solute concentration and the long-term solute concentration under noninfi ltration conditions. Th e model of Gao et al. (2004) has the same format as the model of Havis et al. (1992) , except that diff usion from the subsurface soil to the mixing layer is considered and the coeffi cient E r has a diff erent physical meaning from K L in the model of Havis et al. (1992) . Diff usion induced by a concentration gradient is not considered in the model of Gao et al. (2004) because they believed that the diff usivity is much smaller than the raindrop-induced mass transfer rate. Diff usion from the mixing layer to overland fl ow under noninfi ltration is as important as rainfall impact, however, and neither of them should be neglected. Th e model's failure to predict the long-term solute concentration can be attributed to the exclusion of diff usion by the concentration gradient, especially under the condition of noninfi ltration.
Later, Gao et al. (2005) proposed another model in which the processes of raindrop dispersion near the soil surface and solute diff usion from the deeper soil layers were coupled by adding them together as if they operated in parallel. Th e mass conservation equation for overland fl ow is
Th e right side of Eq.
[23] represents the mass transfer from the soil surface to overland fl ow. Th e interface is treated as a boundary instead of a mixing layer. In the model of Gao et al. (2005) , the transfer processes of soil solution dispersion by rainfall impact and solute diff usion due to the concentration gradient are simultaneously taken into account by the use of the coeffi cients E r and K L . Th e solute transfer fl ux is taken to be proportional to the solute concentration at the soil surface instead of the concentration gradient between the soil surface and overland fl ow, which is not consistent with the defi nition of the mass transfer coeffi cient. Th e model was solved analytically and compared with the experimental data under a constant rainfall rate and a noninfi ltration condition. Th eir results showed that this model captured the solute transfer more realistically than the traditional mixing-layer model. Although it lacks solid theoretical justifi cation, this approach may be able to avoid errors in long-term simulation because the solute concentration at the soil surface is usually much higher than that in the overland fl ow during a longduration rainfall event (Gao et al., 2004) . Th is category of models is also fl exible and eff ective for practical application due to the fact that they can accommodate other model components and boundary conditions. Th e eff ect of rainfall on the solute transfer process is refl ected by modifying the parameters of the mixing-layer depth (ε), the mass transfer coeffi cient (K L ), and the water transfer rate (E r ) in the models. Adsorption can also be incorporated into the convection-diff usion equation of solute transport through the retardation factor (R a ). Further testing is needed, however, to determine whether the same method that is used to estimate E r in soil erosion can be used to determine the coeffi cient describing the rate at which water in the soil surface is ejected into overland fl ow. As mentioned above, so far there is no eff ective method of measuring or calculating the parameters ε and K L . Th ere is still room for future research to improve the model theory and to develop new methods of determining the model parameters.
Empirical Models
Th e principle of solute transfer from the soil to the overland fl ow induced by rainfall is similar to the soil particle erosion process. Many researchers have reported that the solute concentration of overland fl ow is linearly related to the sediment content in overland fl ow (Gachene et al., 1997; Hargrave and Shaykewich, 1997; McIsaac et al., 1991; Teixeira and Misra, 2005) . Ahuja (1986) proposed an empirical model analogous to the soil erosion equation proposed by Foster et al. (1977) . In the model, it is assumed that the soil, slope, rainfall, and runoff characteristics infl uence the solute transfer process in a manner similar to their eff ect on soil erosion. Th e model is expressed as
in which M is the mass transferred to the overland flow, S is the slope, E n is the kinetic energy per unit volume of rainfall, and a, b, c, d, e, and m are constants for a given soil. The first term on the right-hand side represents the effect of raindrop impact, and the second term reflects the effect of overland flow. Although this equation does not quantitatively predict the experimental data well, its form is appealing. Similar to the USLE Smith, 1965, 1978) , this simple model integrates all the relevant factors that affect the process of mass transfer; however, the factors in the model and the format of the model both require further study. In the USLE, soil erosion is treated as a multiplier of the five rainfall erosivity factors (rainfall rate, slope, surface roughness, infiltration rate, and ground cover), all of which are expressed as dimensionless variables. The mathematical relationship between soil erosion and each of the factors is determined by regression using experimental data. In a similar manner to the USLE model, an integrated index, such as the gross mass of solute transfer to overland flow or the rate of mass transfer in terms of relative factors, might be an alternative approach for empirical models. An index method has the advantage of providing management metrics for reducing pollutant runoff, as was done for the NO 3 leaching hazard index in irrigated cropland (Wu et al., 2005) .
POTENTIAL ISSUES AND FUTURE RESEARCH
Understanding the mechanisms of solute transfer from the soil surface to overland fl ow is important for predicting pollutant loads to surface water and for developing nonpoint-source pollution mitigation practices. In the past several decades, great eff orts have been devoted to, and signifi cant progress has been made in, modeling this important process. Nevertheless, research is still needed to quantify solute transfer at the interface of the soil surface and overland fl ow and to improve theory, especially in the following two areas.
Experimental Investigation
We still have limited knowledge about the mechanisms of solute transfer from the soil surface to overland fl ow and their responses to relevant factors. Solute transfer is driven by the concentration gradient above and below the interface, the ejection of soil water induced by rainfall impact, and erosion of chemicals adsorbed on sediments. Integrated experimental designs coupling the transport of water, solute, and sediment are desirable to solve multiobjective environmental issues.
Th e spatial scale and variability of the model parameters should also be considered in experimental studies. High spatialand temporal-resolution data are needed to refi ne theoretical frameworks because the fi rst few millimeters of the surface soil and the earliest runoff are the most critical for understanding this transfer process. In this regard, laboratory-and column-scale experiments are suitable for investigating the transfer mechanisms, model sensitivity, interactions of the relevant factors, and theory validation. On the other hand, long-term, large-scale experiments are more useful to estimate the effi ciency of a management practice. Overall, more eff ort should be devoted to developing new methodologies and collecting well-designed experimental data for model validation and for developing agricultural best management practices.
Model Theories
Th e existing models were constructed based on the hypotheses that refl ect the understanding of the model developers, but such hypotheses may not fully refl ect the mechanisms of solute transfer. Although many models are available, it is not clear which model(s) and their corresponding parameters can be used to best describe the transfer process under specifi c experimental conditions. Evaluation of the models using the same set of experimental data is highly desirable for model comparison and model applicability assessment.
Th e mixing-layer models contain fewer parameters and thus are relatively convenient for application, especially under complex fi eld conditions, but the surface boundary of the soil under rainfall is a dynamic one, so it is diffi cult to defi ne the mixinglayer depth when substantial soil erosion exists. For model application under fi eld conditions, it still remains a challenge to quantify the infl uence of soil, plant, and rainfall conditions on the mixing-layer depth. Th e current diff usion-controlled models do not consider the advective transport of a solute between the soil and overland fl ow, which might be signifi cant under some fi eld conditions. Based on the fact that solute runoff is oft en associated with sediments, colloid-facilitated transport of solutes may also need to be considered in the interfacial-diff usion and rainfall-dispersion models.
Th e transfer rate of a solute from the soil surface to overland fl ow in the physically based models is described by the "mass transfer coeffi cient, " and this coeffi cient can be obtained by the boundary-layer theory. If the overland fl ow is turbulent, however, it is unsuitable to use the mass transfer coeffi cient to describe the impact of rainfall on the solute transfer rate. In addition, the current rainfall-dispersion models have not satisfactorily addressed the eff ect of soil and water erosion on solute transfer.
A single model that is applicable to a wide variety of practical conditions is still not available. It is desirable to develop dynamic models and corresponding parameters that can simultaneously describe the physical processes of water, solute, and sediment transport. Such models can facilitate the analysis of multiple factors such as plant cover, agronomic practices, and changes in the soil surface microtopography on solute transfer from the soil to overland fl ow.
Numerical simulation models (for example, CREAMS, AGNPS, RZWQM, and ANSWERS) are eff ective tools for predicting the pollutant load in the fi eld. Th ese models have been developed for application at diff erent temporal and spatial scales to assess the eff ect of farm-level management practices on water quality. Most of the numerical models use the concept of the lumped mixing-layer framework to simplify the computation so that the solute transfer process can be easily coupled with surface hydrologic processes.
SUMMARY
Th is work reviewed experimental and theoretical studies on the process of solute transfer from the soil surface to overland fl ow. Th e factors impacting the transfer process include rainfall, topography, soil hydraulic properties, initial water and solute conditions, and management practices. Experimental investigations into the eff ects of each factor on the transfer process were analyzed. It was concluded that future research should focus on experimental design aimed at further understanding the mechanism of solute transfer and should consider the applicability of the models in terms of spatial and temporal scales.
We categorized the models for describing solute transfer from the soil surface to overland fl ow into four categories: mixinglayer models, interfacial diff usion-controlled models, interfacialdiff usion and rainfall-dispersion models, and empirical models. Th eories, parameters, application limitations, and the strengths and weakness of the models were discussed. Although the model prediction capability has gradually improved with time through modifi cations, there is still no model that can satisfactorily describe all of the dynamic processes under various experimental conditions. Users should therefore properly select a model according to their needs and the availability of the input data, using knowledge of the strengths and weaknesses of the models.
Th e mixing-layer models, because of their simplicity and fewer parameters, have been used in several popular simulation models for assessing water pollution and for guiding management practices. For the empirical models, the largest limitation is that they require site-specifi c calibration, and a model that works well for one scenario does not guarantee success in another application. Th e interfacial diff usion-controlled models and interfacial-diff usion and rainfall-dispersion models are fl exible because they are able to combine with other process modules to solve more practical problems. Both categories of models, however, need further validation using reliable experimental data across a wide range of experimental conditions. As our knowledge about the mechanisms that govern solute transfer increases, we should also refi ne theoretical frameworks by using clearly defi ned, physically based parameters so that the models can account for the effects of other environmental factors such as groundcover, changes in the surface microtopography, and preferential fl ow on the transfer process and can be applied to a wider range of practical fi eld conditions. Current computer technology and numerical methods can already solve complex partial diff erential equations that describe solute transfer from the soil surface to overland fl ow, but it is important for the users to choose the proper model for simulating their specifi c applications based on the strengths and weaknesses of that particular model. More accurate model predictions will rely on further improvement of the model theory and the methods for obtaining more reliable parameters.
